























and	 time‐domain	 ones.	 Frequency‐domain	 spectrometers	 rely	 on	 a	
dispersive	element,	such	as	a	grating	or	a	prism,	to	spatially	separate	the	
different	 frequency	 components	 of	 the	 light	 field,	 which	 are	 either	
serially	 scanned	 on	 a	 single	 detector	 or	 measured	 in	 parallel	 by	 a	
multichannel	detector,	such	as	a	photodiode	array	or	a	CCD.	In	the	time‐
domain,	 Fourier‐transform	 (FT)	 spectrometers	 [1,	 2]	 use	 an	
interferometer,	which	creates	two	collinear	replicas	of	the	input	light	
radiation	 ܧሺݐሻ	 and	 ܧሺݐ െ ߬ሻ,	 where	 τ	 is	 their	 relative	 delay.	 The	
interference	of	these	replicas,	recorded	by	a	single	detector	as	a	function	
of	τ,	gives	rise	to	an	interferogram:	
Iሺ߬ሻ ൌ න|Eሺtሻ ൅ Eሺt െ τሻ|ଶ݀ݐ	




	 I஺஼ሺ߬ሻ ൌ ׬EሺtሻE∗ሺt െ τሻ݀ݐ ൅ ܿܿ	 (2)	
By	computing	the	FT	of	Eq.	(2)	we	obtain	after	some	simple	steps:	
	 Iሚ஺஼ሺ߱ሻ ൌൌ E෩∗ሺ߱ሻ ∙ E෩ሺ߱ሻ ൅ ܿܿ ൌ 2หE෩ሺ߱ሻหଶ ൌ 2Iሚሺ߱ሻ	 (3)	
This	 equation	 (also	 known	 as	 Wiener–Khintchine	 theorem)	
demonstrates	that	the	FT	of	the	(AC	component	of	the)	interferogram	
directly	provides	the	spectrum	Iሚሺ߱ሻ	of	the	incoming	light.		
FT	 spectrometers	have	 found	 a	 great	 number	 of	 applications	 in	
astronomy	 [3],	molecular	 sciences	 [4,	5],	biology	 [6,	7],	atmospheric	
sciences	[8]	and	many	more.	They	are	widely	employed	in	the	mid‐




noise	 [9]	and	 the	use	of	a	single	detector,	as	 in	FTIR	spectrometers,	
provides	an	improvement	with	respect	to	a	detector	array	(the	so‐called	
Felgett’s	advantage	[10]).	In	the	visible	range,	on	the	other	hand,	low‐
cost	 multiplex	 detectors	 are	 widespread	 and	 turn	 out	 to	 be	
advantageous	 since	 sensitivity	 is	 limited	 by	 shot	 noise	 rather	 than	
detector	noise	 [11].	Nevertheless,	 time‐domain	spectrometers	 retain	
the	 advantages	 of	 (i)	 high	 throughput,	 due	 to	 the	 lack	 of	 slits	 (the	
Jacquinot	advantage)	 [12,	13];	 (ii)	high	absolute	 frequency	accuracy,	
thanks	to	the	possibility	of	calibrating	the	interferometer	with	a	known	
light	 source	 (the	 Connes	 advantage);	 (iii)	 high	 frequency	 resolution,	
limited	only	by	the	scanning	range	of	the	interferometer,	and	(iv)	broad	
wavelength	coverage,	as	determined	by	the	spectral	responsivity	of	the	





same	 amplitude,	 which	 are	 reflected	 back	 by	 two	 mirrors,	 one	










wavelengths,	 the	 demands	 on	 positioning	 accuracy	 of	 the	
interferometer	 become	 increasingly	 difficult	 to	 satisfy,	 calling	 for	
complicated	electronic,	optical	and	mechanical	setups.	Cageao	[16]	used	
a	heterodyne	interferometer,	 in	which	a	phase‐locked	loop	locks	the	






frequency	 combs	 are	 used	 as	 light	 sources	 for	 FT	 spectroscopy,	
increasing	sensitivity	by	several	 orders	 of	magnitude:	here,	 two	 fast	
InGaAs	detectors	measure	the	interferogram	as	a	function	of	the	optical	
path	difference	between	the	interferometer	arms.	Alternatively,	static	
FT	 spectrometers	 have	 been	 demonstrated	 [20,	 21],	 in	 which	 a	
Wollaston	prism	(WP)	between	crossed	polarizers	introduces	a	delay	






is	 also	 used	 in	 FT	 imaging	 spectrometers,	 which	 offer	 significant	
advantages	 over	 implementations	 using	 MIs	 [23‐29].	 Birefringent	
interferometers	retain	the	advantages	of	traditional	FT	instruments	but	
are	 inherently	 insensitive	 to	 mechanical	 vibrations	 thanks	 to	 their	
compact	and	common‐path	architecture.	In	the	‘60s	Mertz	illustrated	a	
birefringent	 polarization	 version	 of	 a	 MI,	 developed	 for	 astronomy	
applications	[23].	The	light	from	a	star,	collected	through	a	telescope,	
was	sent	to	a	WP	generating	two	diverging	beams	with	perpendicular	
polarization.	 The	 beams	 traversed	 a	 motorized	 Soleil	 compensator	









of	 the	 light	 crossing	 a	 single	 prism.	 In	 the	 hyperspectral	 imaging	
technique	 introduced	 by	 Harvey	 [25],	 a	 scanning	 birefringent	
interferometer	 based	 on	 two	 WPs	 is	 used	 to	 create	 interference	
between	two	equal‐amplitude,	orthogonally	polarized	components	of	
the	input	light,	which	are	imaged	on	a	CCD	camera.	The	apparatus	is	in	




In	 this	 paper	 we	 present	 a	 compact	 scanning	 FT	 spectrometer	
working	in	the	visible	spectral	range	with	inherently	high	path‐length	
stability,	without	 the	need	of	 active	 feedback	or	beam	 tracking.	Our	
approach	 exploits	 a	 passive	 birefringent	 interferometer,	 recently	
introduced	by	our	group	and	called	Translating‐Wedge‐based	Identical	
pulses	 eNcoding	 System	 (TWINS)	 [30‐32],	 here	 proposed	 in	 a	
remarkably	simplified	version,	to	create	two	phase‐locked	replicas	of	a	
light	 beam	 to	 be	 measured	 and	 control	 their	 delay	 with	 ultrahigh	
accuracy,	 thanks	to	 its	common‐mode	architecture.	We	demonstrate	





along	 the	 fast	 and	 slow	axes	 of	 the	 birefringent	material.	 The	 delay	
between	these	two	components	can	be	precisely	controlled	by	varying	
the	thickness	of	the	birefringent	material,	which	is	shaped	in	a	sequence	




one	 wave	 or	 a	 few,	 the	 TWINS	 system	 is	 conceived	 so	 as	 to	
provide	 retardation	 of	 hundreds	 of	 optical	 cycles.	 It	 is	 here	
employed	 in	 a	 simplified	 version,	 lacking	 the	 two	 isotropic	




in	 two‐dimensional	 spectroscopy)	 and	 the	 dispersion	
introduced	 by	 the	 varying	 thickness	 of	 the	 wedges	 does	 not	
constitute	 a	 problem,	 since	we	 perform	 linear	measurements.	
The	setup	is	schematized	in	Fig.	1(b)‐(c):	it	consists	of	two	blocks	





























onto	 the	 beam	 splitter	 of	 the	 MI,	 projecting	 the	 replicas	 onto	 the	
common	polarization	direction	and	thus	allowing	one	to	record	their	
interferogram.	For	the	sake	of	precision,	TWINS	is	more	similar	to	a	




























a	 second	 polarizer,	 aligned	 at	 45°	 with	 respect	 to	 the	 orthogonal	
polarization	 directions,	 projects	 the	 two	 delayed	 replicas	 onto	 a	







Thorlabs,	 Inc.):	 its	 linear	 signal	 outputs	 provide	 two	 interferograms	
phase	 shifted	 by	 ,	 while	 its	 balanced	 signal	 output	 delivers	 an	
interferogram	 with	 double	 amplitude	 and	 zero	 offset	 [33].	 Most	
importantly,	the	simultaneous	availability	of	two	interferograms	allows	
one	 to	 readily	 record	 absorption	 spectra	 of	 samples	 in	 a	 single	
measurement,	as	explained	in	the	following.	
3. RESULTS 









































incoherent	 lamp,	 but	 we	 preferred	 to	 utilize	 a	 coherent	white‐light	
supercontinuum	 because	 it	 provides	 higher	 brightness	 and	 lower	
divergence.	We	 employed	 a	 high‐power	 supercontinuum	 fiber	 laser	
system	(SuperK	Extreme	EXW‐12	from	NKT	Photonics),	producing	a	
single‐mode	 ultra‐broadband	 spectrum	 in	 the	 500‐2300	 nm	
wavelength	 range.	We	 selected	 a	 portion	 in	 the	 visible	 and	 near‐IR	
covering	 the	 500‐1000	nm	wavelength	 range	with	 a	 suitable	 short‐
wave‐pass	filter,	to	match	the	detection	range	of	our	silicon	photodiode.	
The	 recorded	 interferogram	 and	 the	 corresponding	 spectrum	 are	
reported	in	Fig.	4(a‐b)	as	blue	solid	lines.		







a	WP	 for	recording	absorption	spectra	 is	clear:	having	 two	 identical	
(except	for	the		phase	shift)	beams	available,	one	can	place	the	sample	
to	 be	 characterized	 in	 one	 of	 the	 two	 arms	 (see	 Fig.	 2)	 and	
simultaneously	measure	 the	 light	 transmitted	by	 the	 sample.	 In	 this	
way,	it	is	possible	to	normalize	the	light	transmitted	by	the	sample	by	
the	 impinging	light,	 thus	obtaining	the	transmission	spectrum	of	 the	
sample	 with	 high	 accuracy	 because	 any	 fluctuation	 of	 the	 spectral	
intensity	of	 the	 light	 is	compensated.	We	chose	a	BG36	Schott	Glass	








previous	 one,	 presents	 a	more	 pronounced	 fringe	 pattern	 at	 longer	
delays	 (see	 the	 close‐up	 at	 negative	 delays	 in	 Fig.	 4(a)),	 due	 to	 the	
corresponding	richer	spectral	structure	(see	Fig.	4(b)).	The	resulting	
transmission	spectrum	of	the	color	filter,	calculated	as	the	ratio	of	the	
two	 spectra	 simultaneously	 measured	 by	 the	 two	 photodiodes,	 is	
reported	 in	Fig.	5.	The	orange	solid	 line	 is	 the	average	 transmission	
spectrum	out	of	300	consecutive	measurements	performed	by	moving	
the	wedge	at	a	constant	speed	of	14	mm/s,	corresponding	to	1	second	







order	 of	 0.1%.	 As	 a	 reference,	 the	 sample	 transmission	 spectrum	
recorded	 by	 a	 conventional	 spectrophotometer	 (model	V‐570,	 Jasco	
Inc.)	is	also	reported	in	Fig.	5	as	a	black	dashed	curve:	the	quantitative	
agreement	 is	 excellent.	We	 note	 that,	 since	 the	TWINS	operate	 in	 a	
partially	 rotating	 frame	 [30],	 a	 minimum	 of	 two	 known	 optical	
frequencies	must	be	employed	 to	 calibrate	 the	wavelength	 axis.	We	
therefore	used	this	color	filter	to	calibrate	our	FT	spectrometer,	as	done	
in	 [34].	For	small	bandwidths	(such	as	 the	520‐680	nm	wavelength	
range	used	 in	 [32])	 a	 linear	 interpolation	 of	 the	 calibration	 curve	 is	
sufficient	(see	Fig.	5(b)	in	[32]),	because	the	birefringence	Δn=no‐ne	can	
be	 considered	 constant.	 In	 our	 case	 a	 polynomial	 curve	 is	 required	
instead,	because	in	α‐BBO	the	birefringence	varies	from	Δn~0.120	at	
the	red	edge	of	our	spectral	window	(1000	nm)	to	Δn~0.125	at	the	blue	











Fig.	 5.	 Transmission	 spectrum	 of	 the	 sample	 (orange	 solid	 line)	
averaged	 over	 300	 s	 and	 tolerance	 range	 (as	 defined	 in	 the	 text)	
evaluated	over	1	second	measurement	(gray	area),	compared	with	the	
transmission	 spectrum	measured	 by	 a	 standard	 spectrophotometer	
(black	dashed	line).	Inset:	magnification	of	the	low	transmission	values	
in	the	720‐830	nm	spectral	range.	
1 ݒ௚௘ൗ 	 between	 the	 ordinary	 and	 extraordinary	 components	
accordingly	varies	from	~407	fs/mm	at	1000	nm	to	~468	fs/mm	at	500	
nm.	Following	eq.	(5),	the	total	delay	introduced	by	the	moving	wedge	
(for	 a	 lateral	 displacement	of	 L=22.5	mm)	 thus	 corresponds	 to	 ߬ ൌ
ܩܸܯ ∙ ܮ ∙ 2 tan ఈଶ,	where	α=7°	is	 its	apex	angle.	This	 turns	out	to	be	equal	to	τ~1.12	ps	at	1000nm	and	τ~1.29	ps	at	500nm,	with	a	non‐
linear	 dependence	 on	 wavelength.	 We	 therefore	 interpolated	 eight	
known	 wavelengths	 of	 the	 spectrum	 of	 the	 filter	 by	 a	 third‐order	
polynomial,	 which	 provided	 a	 very	 accurate	 calibration	 of	 the	
wavelength	axis.	We	also	mention	that,	to	obtain	transmission	spectra	
of	samples	with	high	accuracy,	an	intensity	pre‐calibration	of	the	setup	





FT	 spectrometer	 in	 the	 visible	 range,	 based	 on	 the	 TWINS	 passive	






or	 spatial‐domain	 FT,	 our	 spectrometer	 shows	 advantages	 and	
drawbacks,	 so	 that	 depending	 on	 the	 intensity	 and	 stability	 of	 the	
available	illumination	source	the	choice	of	the	most	suited	instrument	
could	vary.	Using	suitable	detectors,	 our	 concept	 can	work	over	 the	




region	 of	 molecular	 vibrations.	 With	 respect	 to	 standard	 FTIR	
spectrometers	in	the	mid‐IR,	our	approach	would	not	require	a	MI	and	




scan	 FTIR	 spectroscopy,	 which	 is	 a	 powerful	 tool	 to	 study	 photo‐




665635);	 Schweizerischer	 Nationalfonds	 zur	 Förderung	 der	
Wissenschaftlichen	Forschung	(SNF)	(PBZHP2_143444).	
	
Acknowledgment.	 J.	 R.	 thanks	 the	 Swiss	 National	 Science	
Foundation	for	financial	support	(Fellowship	PBZHP2_143444).	
References 






4. R.  R.  Ernst  and  W.  A.  Anderson,  “Application  of  Fourier  Transform 









and  identification  of  bacteria  by  Fourier  Transform  Infrared 
Spectroscopy”, Microbiology 137, 69‐79 (1991). 











Bouma,  “Improved  signal‐to‐noise  ratio  in  spectral‐domain  compared 
with time‐domain optical coherence tomography”, Opt. Lett. 28, 2067‐
2069 (2003). 
12. P.  Jacquinot,  “New  developments  in  interference  spectroscopy”, Rep. 
Prog. Phys. 23, 267‐312 (1960). 
13. P. G. Lucey, K. A. Horton, and T. Williams, “Performance of a long‐wave 
infrared  hyperspectral  imager  using  a  Sagnac  interferometer  and  an 
uncooled microbolometer array”, Appl. Opt. 47, F107‐F113 (2008). 
14. M.  J.  Persky,  “A  review  of  space  infrared  Fourier  transform 
spectrometers  for  remote  sensing”,  Rev.  Sci.  Instrum.  66,  4763‐
4797 (1995). 
15. B.  C.  Smith,  “Fundamentals  of  Fourier  Transform  Infrared 
Spectroscopy” (CRC Press, 2011). 
16. R. P. Cageao, J. F. Blavier, J. P. McGuire, Y. B. Jiang, V. Nemtchinov, 
F.  P.  Mills,  and  S.  P.  Sander,  “High‐resolution  Fourier‐transform 








method based on  retroreflectors”, Rev.  Sci.  Instrum. 79, 123108 
(2008). 
19. J.  Mandon,  G.  Guelachvili,  and  N.  Picqué,  “Fourier  transform 
spectroscopy with a laser frequency comb”, Nature Photon. 3, 99 ‐ 
102 (2009). 
20. M.  J.  Padgett  and  A.  R.  Harvey,  “A  static  Fourier‐transform 
spectrometer based on Wollaston prisms”, Rev. Sci.  Instrum. 66, 
2807–2811 (1995).  










25. A.  R.  Harvey  and  D.  W.  Fletcher‐Holmes,  “Birefringent  Fourier‐








28. G.  Zhan,  K.  Oka,  T.  Ishigaki,  and  N.  Baba,  “Birefringent  imaging 
spectrometer”, Appl. Opt. 41, 734‐738 (2002). 
29. J. Chandezon, J.‐M. Rampnoux, S. Dilhaire, B. Audoin, and Y. Guillet, 
















putting  the  analysis  of  ultrafast  molecular  dynamics  on solid 
ground”, Appl. Phys. B 96, 215‐231 (2009). 
35. F. Preda, V. Kumar, F. Crisafi, D. G. Figueroa del Valle, G. Cerullo and 




Joffre,  “Direct  mid‐infrared  femtosecond  pulse  shaping  with  a 
calomel acousto‐optic programmable dispersive  filter”, Opt. Lett. 
35, 3565‐3567 (2010). 
37. K. Ataka,  T.  Kottke,  and  J. Heberle,  “Thinner,  Smaller,  Faster:  IR 
Techniques To Probe the Functionality of Biological and Biomimetic 
Systems”, Angew. Chem. Int. Ed. 49, 5416–5424 (2010). 
 
